INTRODUCTION
This paper investigates the use of guided waves to inspect the embedded tendons in posttensioned bridges. The unexpected collapse of the Ynys-y-Gwas bridge in South Wales[ll has highlighted the need for an inexpensive, reliable inspection method for testing the thousands of existing post-tensioned bridges. Post-tensioned construction allows large spans to be constructed with a light, inexpensive design. Figure 1 summarizes the technique, which involves constructing the framework of the bridge out of concrete, leaving metal or plastic tubes called ducts at predetermined locations. Steel bars or multi-wire strands (collectively referred to as tendons) are threaded through the ducts once the concrete has hardened. The steel tendons are tensioned and anchored by small collets at their ends. The tensioned steel forces the concrete into compression so that is better able to support the required loads. Once the steel is tensioned, the ducts are filled with grout to provide corrosion protection. However, large air voids can be trapped in the grout, providing areas for corrosion to occur, which could lead to catastrophic failure such as the Ynys-yGwas collapse. The current inspection techniques have not proven to be entirely satisfactory (2) , especially for inspecting the portion of the tendon near the anchorages, which is a location where the tendon is particularly prone to corrosion. Figure 1 . A diagram highlighting an essential component of a post-tensioned bridge, the steel tendons, which are fed through ducts, tensioned to give the bridge strength and grouted for corrosion protection. Voids, which may form during the grouting process, provide areas for corrosion to occur.
Guided ultrasonic waves have the potential to directly interrogate significant portions of the embedded steel tendons and evaluate their condition. Guided waves can be considered to be combinations of longitudinal and shear waves which continually interact with the boundaries to produce a composite wave that propagates down the tendons. Reflections of the guided wave from defects in the tendon can be detected using a method similar to traditional pulse-echo testing. The modelling indicates that several modes exist which can propagate in the tendon far enough that useful amounts of the tendons could be tested from their ends, providing valuable information on the integrity of the tendons near the anchorages. This paper discusses the behavior of the proposed guided waves and some preliminary experimental tests that have been performed.
MODELLING
The main difficulty with using guided ultrasonic waves for the inspection of grouted tendons is the high attenuation of the guided wave that will occur as energy leaks from the steel bar into the surrounding grout where it is then attenuated by high material damping. Therefore, in order to identify a guided wave mode that can realistically be used to test tendons, it is necessary to find the modes whose attenuation is minimum. A good understanding of the waves that can exist in the system is needed to efficiently find these modes and develop a guided wave testing technique. However, determining which guided wave modes can exist is not a trivial problem. It involves a computationally intensive procedure that matches the wave propagation characteristics in each material and the boundary conditions at each interface. This procedure produces the dispersion curves, which describe the wave propagation characteristics of the system. The dispersion curves for an embedded bar are conceptually similar to the well known Lamb wave ones for a vacuum loaded flat plate, but considerably more complicated to calculate.
In order to model the post-tensioned tendon problem, the authors used a general purpose software tool called Disperse that they have developed and which can model wave propagation in multi-layered isotropic concentric cylindrical systems[3l. The bar type of tendons, which are present primarily on older bridges, can be modelled as a solid steel cylinder (bar) that is embedded in an infinitely thick layer of grout. The grout is modelled as infinitely thick because the material damping in the grout is great enough that any waves that propagate into it will be so attenuated that reflections and interactions with extemallayers of the post-tensioned bridge will have no effect on the guided waves that are reflected back down the tendon to the receiving transducer.
The density, velocity and material damping characteristics used in the model are shown in Table 1 .
The grout values were measured experimentally in a 0.48 water/cement ratio grout sample.
The phase velocity and attenuation dispersion curves for the axi-symmetric modes of a one millimeter radius steel bar that is embedded in an infinitely thick layer of grout are shown in Figure 2 . As seen in the attenuation dispersion curves, there are series of modes that have dips in attenuation at higher frequencies. The prediction of low attenuation at high frequency contradicts the intuitive expectation that the attenuation increases with frequency. By examining the mode shapes of two of these dips in attenuation, which are shown in Figure 3 , their behavior can be better understood. These dips in attenuation correspond to locations where the energy is concentrated in the center of the steel bar. Since the energy is concentrated in the center of the bar, it does not leak into the surrounding grout as readily as at other locations where energy is distributed more towards the outside of the steel bar. This concentration only occurs for high order modes propagating at high frequencies. 
Axial Displacement: -Radia l Displacement: Figure 3 . The strain energy density and displacement profiles of the embedded steel bar at the points marked (a) and (b) in figure 2. The vertical axes represent the position through the thickness of the steel bar and the horizontal axes refer to the amplitude of the strain energy density or the value of the displacement. Since the energy and displacements in the surrounding grout are minimal, they are not shown.
The attenuation value of each dip reaches a minimum at a specific frequency. For the lower frequency dips, leakage of energy into the surrounding medium is the dominant mechanism of loss. For higher frequency dips, the attenuation increases because of material damping in the steel bar. Therefore, there is a specific optimum mode that a testing procedure should target in order to minimize the losses and therefore maximize the test range. The narrow frequency ranges . of the attenuation minima causes the system to act as a filter and not pass frequency components that are not very near an attenuation minimum.
In addition to the axi-symmetric modes that are shown in Figure 2 , the flexural modes were considered. For some embedded systems, a low frequency flexural mode exists whose energy is trapped in the steel bar and does not leak into the surrounding medium. Such a mode would allow large sections of a tendon to be inspected from a single point anywhere along the tendon. However, this mode does not exist for the combination of material properties that are present in the grouted tendon system. The higher frequency flexural modes have dips in attenuation like the axi-symmetric modes. However, the minimum attenuation of the dips for the flexural modes is much greater than for the ax i-symmetric modes. Therefore they were eliminated from consideration.
PROPOSED TEST PROCEDURE
Because the points on the modes that correspond to the dips in attenuation have mainly axial displacement that is concentrated in the center of the bar (as shown by the displacement profiles in Figure 3) , the modes will best be generated from the ends of the tendons, as demonstrated in Figure 4 . In order to get access to the end of a tendon, the road surface and some other protective coverings will need to be removed. Although gaining this type of access will be disruptive, it will allow the tendons to be inspected near their anchorages. This region is most difficult to examine using traditional inspection techniques because pier supports block access. The anchorage area is very susceptible to corrosion because it is usually a high point in the duct, which greatly increases the chances of voids and corrosion forming.
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Detail of Anchorage Point and Transducer Position Figure 4 . A schematic view of the proposed test procedure. Once access to the ends of the tendons has been gained by removing protective coverings, a guided ultrasonic wave can be launched down each grouted tendon . Reflections from any defects in the tendon will then return to the transducer.
A rough estimate of the maximum test distance can be predicted for the combination of materialproperties that were used in the model. The estimate can be represented by the equation,
where the pulse echo detection distance, d, (in meters) is determined by several factors relating to the sensitivity of the testing equipment and the losses due to transmission along the embedded bar and reflection from a defect. The sensitivity of the test equipment, Sensitivity, is given in dB. The expected reflection from a defect is assumed to be 10 dB lower than the incident signal. This loss will be quantified for various types of defects by future finite element modelling. A factor of 2 accounts for transmission to and from the defect. The minimum loss due to transmission along the bar has been taken from the attenuation dispersion curves shown in Figure 2 and is represented by the expression, rlO.l6, which is proportional to the radius, r, (in meters).
Estimating that our broad-band digital pulse-echo system can compensate for about 100 dB of loss, a significant defect (roughly greater than 50 percent loss of section) could be located 0.7m from the end of the tendon if the bar is 5mm in diameter, I.lm if the bar is 8mm in diameter, 2.1m if the bar is l5mm in diameter, and 2.8m if the bar is 20mm in diameter. These ranges could be increased by optimizing the transducer and the amplifiers, which would improve the 100 dB sensitivity factor.
EXPERIMENTS ON GROUTED BARS
In order to validate the results that the model produced and to try the test procedure on some realistic test specimens, experiments were performed in which waves were propagated down 8mm diameter steel bars embedded in grout, examining the through transmission and pulse-echo responses. The tests were performed using a high voltage arbitrary waveform generator that has pulse-echo capabilities and a maximum operating frequency of 4.096MHz. The received signals were time averaged 250 times on a digital oscilloscope.
The results from three experiments on the 8mm diameter bar are shown in Figure 5 . The bottom trace shows a 3.75 MHz, 50 cycle Hanning windowed tone burst after propagation along two meters of embedded 8mm diameter steel bar. On the same amplitude scale, the top two traces show the signal that returned after reflecting from 2mm and 4mm deep saw cuts approximately 450mm from where the 8mm diameter bars enter the grout. The multiple echos at the beginning of the responses correspond to reverberations in the short length of bar that protrudes from the grout.
For an 8mm diameter bar, the predicted test range is around one meter. Although the test equipment used was not able to operate at the frequency corresponding the lowest dip in attenuation, the through transmission results clearly show that the signal can propagate along two meters of undamaged embedded bar. The returned signal from the reflection from a defect a meter into the specimen would be reduced in amplitude, but should remain detectable. The reflection from relatively small notches half a meter into the embedded section can also be easily detected, as shown in the top two traces.
In order to further verify the modelling work and help analyze the results, additional measurements were taken for which the center frequency of the input signal was varied in steps from 3.0 to 4.1 MHz. Each of the signals that had been transmitted along two meters of embedded steel bar was Fourier transformed and the results are plotted in Figure 6a . Three peaks in transmission, centered on 3.27, 3.73, and 4.22 MHz, are present. These peaks correspond very closely to the three minima in attenuation (shown in Figure 6b ) that the modelling predicts will occur in this frequency region for this system. In addition, the relative amplitudes of the peaks agrees with the predicted attenuation of the three modes. Similar results are obtained when the reflected signals from the saw cuts are analyzed. 
EXPERIMENTS ON GROUTED SEVEN WIRE STRANDS
In addition to the experimental tests that were performed on embedded 8mm steel bars, tests were performed on a series of embedded seven wire steel strands in order to try the technique on the alternative type of tendons that are used in modern bridges and compare these results with the those obtained for the bars. The strand samples were produced by the Transport Research Laboratory, in Crow thorne, England. They contain 15.2mm Dyform strands consisting of a center wire that is approximately 5.5mm in diameter and is surrounded by six spiraling wires of the same diameter. Various simulated defects from a single wire break to a complete fracture (at a 45 degree angle to the axis of the strand) are present in the 5 meter long samples. The test results for various major defects that varied in distance from 100 to 1000mm from the free end are shown in Figure 7 . The tirst three strands had five of their seven wires cut. The last two traces had all seven strands cut at a 45 degree angle to the axis of the strand. Clear reflections can be detected from all of these defects. The signal present at the beginning of the time traces corresponds to mode converted reverberations in the length of the strand under the collet and reflections from changes in contact of the seven component wires.
The results from the strand samples seem to indicate that the guided wave travels primarily down the center wire. Reflections from simulated defects that did not damage the center wire were very much smaller than reflections from defects that did damage the center wire. In addition, the frequencies at which minima in attenuation occur in the experimental results correspond to the frequencies of the dips in attenuation for the theoretical results of a bar of the same diameter as the center wire and not the diameter of the composite strand. However, the guided waves are able to propagate farther down an embedded strand than an embedded bar of the same diameter as the center wire. The additional propagation distance could be enabled by imperfect coupling between the center core and the surrounding wires.
CONCLUSIONS
It is shown that reasonable lengths of post-tensioning tendons can be inspected using guided ultrasonic waves. Modes have been identified that have sharply defined attenuation minima at specific frequencies. The behavior of these modes has been studied numerically and validated experimentally.
The testing procedure that uses these guided wave modes would ideally require access to the ends of the tendons by removing the road surface and some protective coverings. From this location, it is believed that at least the first meter of a bar or the fust several meters of a multi-wire strand should be reliably inspected. This test range could be increased with the development of optimized transducers and testing equipment.
Although this technique was developed for inspecting post-tensioned bridges, it can easily be adapted to inspect similar systems. The modes that have been identified are especially applicable to large radius embedded bars whose ends are exposed.
